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Analytical study of subwavelength imaging for terahertz radiation (サブ波長構
造を用いたテラヘルツ波イメージングに関する解析的研究) 
The imaging resolution of the terahertz (THz) radiation is restricted approximately to the wavelength (λ) of the THz due to the 
diffraction limit. The subwavelength objects can be imaged by using the artificial structures called the hyperbolic metamaterials 
(HMMs). The cylindrical HMMs or the hyperlens can magnify the subwavelength objects into the far-field image, and also focus the 
far-field light into the subwavelength spot. Here, we develop the analytical solutions of the hyperlens made by alternating 
metal/dielectric layers with finite dielectric constants. The analytical solutions are consistent with the FDTD, but they are about three 
order faster than the FDTD. As the dielectric constant of the metals becomes infinitely large in the THz band, the new HMMs made 
by stacked grating/dielectric layers have been proposed. Thanks to the spoof surface plasmons of the grating, we can analytically 
demonstrate the subwavelength imaging of the array of slits with size 1 μm and the separation distance 5 μm at the THz frequency 
about 1 THz (λ=300 μm) over the long distance 33 mm. The effective parameters at this frequency show that the structures are 
type-II HMMs. Therefore, the stacked grating/dielectric layers can be used to make the hyperlens for the THz. The analytical 
solutions may also lead to the novel two-dimensional subwavelength imaging devices by replacing the grating with the hole array.   
1. Introduction
The terahertz (THz, 1 THz=1012 1/s) radiation locates in 
between the microwave and the infrared radiation. The 
emergence of THz sources and detectors leads to many 
applications of the THz in our daily life such as non-invasive 
food quality control, homeland security, and biomedical 
imaging. However, the THz needs to go beyond the 
diffraction limit if we want to use it to image the objects 
smaller than the wavelength (λ) of the THz. The diffraction 
limit results from the lost of the near-fields or evanescent 
waves which carry fine details of the objects without 
propagating to the far-field region. The diffraction limit can 
be overcome by the hyperbolic media (HMs) that allow the 
propagation of the evanescent waves via their hyperbolic 
equi-frequency contour (EFC). The HMs can be artificially 
made by alternating negative and positive dielectric constant 
layers. These structures are called the hyperbolic 
metamaterials (HMMs). The HMMs are type-I or type-II if 
the major axis of the hyperbolic EFC is parallel to the normal 
component of the wavevector, or the tangential component of 
the wavevector, respectively. The negative dielectric constant 
layers are usually the noble metals that can support the 
surface plasmons (SPs) on their surfaces. The cylindrical 
HMMs or the hyperlens can be made by bending the HMMs 
into the cylindrical shape. The subwavelength objects placed 
inside the core of the hyperlens are magnified into the 
far-field region by the conservation of the angular momentum 
of light if the hyperlens is properly designed. However, the 
finite difference time domain (FDTD) method as 
conventionally employed to optimize the hyperlens is 
time-consuming and inaccurate when the hyperlens becomes 
much more smaller than the λ of the THz.   
    In this study, the analytical solutions (AN) of the 
cylindrical HMMs made by alternating metal/dielectric layers 
with the finite dielectric constants have been developed [1]. 
As the dielectric constant of the metals becomes infinitely 
large in the THz band, we develop new HMMs for the THz 
by employing the spoof surface plasmons (SSPs) on the 
metallic grating surfaces. We analytically demonstrate the 
subwavelength imaging of the new HMMs and compare the 
results with the effective medium model. The THz cylindrical 
HMMs can be realized by bending these structures into the 
cylindrical shape. The analytical solutions also lead to the 
realizations of the ultra-sensitive subwavelength-film sensors, 
and the THz subwavelength focusing [2].  
2. Results
 2.1 Cylindrical HMM (Hyperlens) 
     The hyperlens is made by the N number of concentric 
cylindrical layers (CCLs) as schematically drawn in Fig. 1(a). 
The hyperlens can work in two processes : the magnifying 
process and the focusing process. In the magnifying process, 
the subwavelength objects which are placed inside the core of 
the hyperlens are modelled as the collection of point sources 
as indicated by the blue circles. In the focusing process, the 
subwavelength apertures which couple the incident light in 
the outer region to the large wavevector waves of the 
hyperlens are modelled as the collection of point sources as 
indicated   
Fig. 1. (a) Schematic view of the cylindrical HMM (hyperlens). (b) . 
Schematic view of the new HMM for the THz with the testing 
object 0 1 mh m=  and 0 5 mp m= .  
by the red circles. The electromagnetic fields in both 
processes are obtained by solving the inhomogeneous 
Helmholtz's equation with the Green's function analysis. We 
check the AN with the FDTD by using the finite and negative 
dielectric constant of Ag in the UV band that is -3.11+0.123i 
at λ=368 nm. We use the Al2O3 with dielectric constant 3.2 
so that the alternating Ag/Al2O3 CCLs form the type-I HMM 
according to the traditional effective medium approximation. 
The core and the outer regions are defined as air, the 
innermost radius is 100 nm, the thickness of each CCL is 10 
nm, and the number of CCLs is 10. In the magnifying process, 
the two point sources are placed in the core, on the innermost 
curve, and at the azimuthal angles 57.05  and 122.95 so 
that the sources are separated by the angular distance / 3.2λ . 















In the focusing process, the two point sources are put in the 
outer region, on the outermost curve, and at the azimuthal 
angles 45  and 135 . The intensity profiles obtained by the 
AN and the FDTD are compared in Fig. 2(a) for the 
magnifying process and Fig. 2(b) for the focusing process. 
We see that the FDTD profiles approach the AN profiles by 
increasing the FDTD resolutions from 2 pix/nm to 4 pix/nm. 
This means that the AN are consistent with the FDTD with 
high resolution. The FDTD profiles with the resolutions 2 
pix/nm and 4 pix/nm. take 4 hours and 2 days, respectively, 
to compute, while the AN profiles take only a few minute to 
obtain. This means that the AN are about three order faster 
than the FDTD simulation. 
 
      2.2 New HMMs for the THz 
       In the THz band, we employ the SSPs on the metallic 
grating surfaces to build the new HMMs by staking the 
grating/dielectric layers as schematically shown in Fig. 1(b). 
The subwavelength imaging using these structures can be 
analytically demonstrated by introducing another grating in 
front of the structures as indicated by the red grating. With 




            
 
Fig. 2. (a) Intensity profiles along the curve ρ=185 nm of the 
magnifying process. (b) Intensity profiles along the curve ρ=100 nm 
of the focusing process.     
 
are perfect electric conductors which is valid for the THz and 
lower frequency bands and the slit width is much more 
smaller than the λ, the AN of these structures can be derived 
by applying the coupled-mode analysis and the transfer 
matrix method. After checking the solutions with the FDTD 
using simple parameters, we then apply the AN to the 
deep-subwavelength HMM. Each grating comprising the 
HMM has the period 1 μm, the slit width 0.2 μm, and the slit 
height 150 μm. The SSPs at the edges of the first Brillouin 
zone of the grating are at the frequency about 0.997 THz. The 
electric field of these SSPs is localized on the grating 
surfaces with the decay length 144 nm. The distance between 
the object and the HMM is optimized as 100 nm to obtain 
large amplitude of the electric field behind the grating due to 
the excitation of the quasi-waveguide resonance (QWR) 
inside the air gap between the object and the first grating of 
the HMM at the frequency only 4 GHz lower than that of the 
SSPs. The number of gratings in the HMM is N=220, the 
gratings are separated by air with the optimized separation 
distance 80 nm so that L=33,017.52 μm, and then we obtain 
the amplitude of the electric field as shown in Fig. 3 (a)-(c) 
for w0 =1-3 μm, respectively. We obtain the sharp images in 
all cases, and the differences in the field distributions indicate 





Fig. 3. The |E|/E0 at the frequency 0.997 THz behind the HMM over 
the distance 2 μm for (a) w0 =1 μm, (b) w0 =2 μm, and (c) w0 =3 μm.  
 
The full width at half maximums of the |E|/E0 at the distance 
0.398 μm away from the interface of the HMM are 1.346 μm, 
2.778 μm, and 3.260 μm for w0=1-3 μm, respectively. The 
effective parameters of this structure are ( )eff 38.95 10xe
−= − × , 
( )eff 31.94 10ye = × , and 
( )eff 57.47 10zm
−= × , which indicate 
that this structure is type-II HMM. The critical angle of the 
Poynting vector 0.1229cθ = ±
 with respect to the y-axis of 
this HMM indicates that the central image at x=0 does not 
really come from the object at x=0, but it comes from two 
objects located at 70 mx m= ± , and the same consideration 
explains the images at 5 mx m= ± . The effect of the oblique 
propagation of the optical energy can be more clearly seen in 
the N=10 and N=14 HMMs when the images are not 
perfectly focused. Fig. 4(a)-(c) show the |E|/E0 distributions 
over two unit cells along the x-axis and 2 μm behind the end 
interfaces of the N=10 HMM, N=14 HMM, and N=16 HMM, 
respectively, for the object with size one micron. The images 
are out of focus in the N=10 HMM and N=14 HMM, but they 
are sharply focused in the N=16 HMM. Consider the peak 
positions of the |E|/E0  profile along the end interface of the 
N=10 HMM. The peak positions of the i1 and i2 images in 
the positive unit cell (x>0) are located at x=1.988 μm and 
x=3.012 μm, respectively. The critical angle of the Poynting 
vector in this medium is 0.1152cθ = ±
 according to our 
effective medium model. Therefore, the images of the object 
at x=0 will be formed at the distance ±3.017 μm from the 
y-axis. This position is only 5 nm larger than the position of 
the i2 image in the positive unit cell, and the i1 image in the 
negative unit cell. Therefore, the i2 image in the positive unit 
cell and the i1 image in the negative unit cell come from the 
object at x=0. With the same consideration, the i1 image in 
the positive unit cell comes from the object at x=+5 μm, and 
the i2 image in the negative unit cell comes from the object at 
x=-5 μm. By increasing N, the images are formed in the 
larger distance from the y-axis because of the longer length of 
the HMMs, and perfect focusing is obtained at N=16.  
Therefore, the subwavelength imaging can be satisfyingly 
explained by the effective medium model.                              





Fig. 4 (a) The |E|/E0 at the frequency 0.997 THz behind the HMMs 
over the distance 2 μm for (a) N=10, N=14, and (c) N=16. The 
parameters of the objects are 0 1 mw m= , 0 1 mh m=  and 
0 5 mp m= .   
     
3. Conclusion 
The new analytical solutions of the cylindrical HMMs made 
by alternating metal/dielectric layers with finite dielectric 
constants which are more efficient than the FDTD have been 
developed. As the dielectric constants of the metals are 
infinite in the THz band, the new HMMs made by stacked 
grating/dielectric layers have been proposed for the THz. The 
subwavelength imaging over the long distance 33 mm of one 
micron size object has been analytically demonstrated at the 
wavelength about 300 μm using the new HMM.           
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論文審査の結果の要旨 
 
 電磁波（光）において波長よりも小さな長さスケールの構造（サブ波長構造）を有する人
工構造はメタマテリアルと呼ばれ、その構造によって特異な機能性を発現する新たな光機能
デバイスとして注目されている。メタマテリアル研究や利用においては、その構造を用いた
実験だけでなく、特異な性質や現象の理解のために有限差分時間領域法（FDTD法）を用いた
シミュレーションが一般的に用いられている。FDTD法は空間を有限の領域に区切り、微分形
式のマクスウェル方程式を領域間の差分に置き換えて解かれるため、取り扱う構造の自由度
は高いが、メタマテリアルのように波長よりも小さい構造を扱ったり、小さな領域と大きな
領域を同時に扱う必要がある場合に長い計算時間がかかるという課題がある。このため、光
機能デバイスの構造最適化が容易ではなく、新機能デバイスの設計や構造最適化に制限を与
えている。  
 このような課題に対し、本学位論文では、メタマテリアルの表面プラズモンを用いたハイ
パーレンズをターゲットとして、FDTD法のような逐次計算法ではなく解析解を初めて導出し
て、その計算時間が桁違いに（ここでは約1/1,000に）短縮されることを示した。その活用に
より、可視・紫外域のハイパーレンズの構造最適化を行った。加えて、波長が長いために空
間分解能が悪く、また、金属が完全導体として扱われるテラヘルツ帯をターゲットとし、か
つ、一般的な形状にも適用可能な擬似表面プラズモン（Spoof Surface Plasmon）を用いた構造
について、同様に解析解を導出し、それを活用した高空間分解能（波長の1/1,000以下）を実
現する構造提案を行った。また、これらの構造について、電磁場応答の詳細な分析を行い、
空間伝搬特性や周波数特性について論じた。また、それぞれについて、検証のためにFDTD法
によるシミュレーションも併せて行った。  
 
 本論文は、6つの章から成る。第1章では、序論として本研究の背景及び目的を明確にした。
第2章では、円柱型ハイパーレンズの解析解の導出とそれを用いた可視・紫外域のハイパーレ
ンズの構造最適化について論じた。第3章では、テラヘルツ帯のグレーティング型メタマテリ
アルの解析解の導出と物理的性質について論じた。第4章では、第3章の構造を積層させて一
般化した構造の解析解を導出し、それを用いて波長以下の測定対象の長距離伝搬を実現する
構造について論じた。第5章では、第4章の構造について、実効的な誘電率を導出するととも
に、これを用いて微小領域にテラヘルツ波を集光する方法を示した。第6章では、総括として
以上の結果をまとめた。なお、これら開発されたコードは、博士論文に添付して配布される
予定である。  
 
 以上の内容は、自立して研究活動を行うに必要な高度の研究能力と学識を有することを示
している。したがって、TAPSANIT, Piyawath提出の博士論文は，博士（理学）の学位論文と
して合格と認める。  
